Molluscum contagiosum virus (MCV) is the sole member of the Molluscipoxvirus genus and causes a highly prevalent human disease of the skin characterized by the formation of a variable number of lesions that can persist for prolonged periods of time. Two major genotypes, subtype 1 and subtype 2, are recognized, although currently only a single complete genomic sequence corresponding to MCV subtype 1 is available. Using next-generation sequencing techniques, we report the complete genomic sequence of four new MCV isolates, including the first one derived from a subtype 2. Comparisons suggest a relatively distant evolutionary split between both MCV subtypes. Further, our data illustrate concurrent circulation of distinct viruses within a population and reveal the existence of recombination events among them. These results help identify a set of MCV genes with potentially relevant roles in molluscum contagiosum epidemiology and pathogenesis.
The advent of next-generation sequencing (NGS) techniques has notably expanded our knowledge of the human skin microbiota [1] , revealing a previously undescribed variability in terms of time-and location-dependent composition. This includes the discovery of new viruses of the skin, both in healthy individuals as well as associated with disease, that mostly include members of different families of dsDNA viruses such as papilloma-, polyoma-, circo-, herpes-and poxviruses [2] [3] [4] [5] . An example is the description of the first human polyomavirus with oncogenic potential, which is associated with the development of Merkel cell carcinoma [6] .
Molluscum contagiosum (MC) is a frequent disease of the human skin caused by infection with Molluscum contagiosum virus (MCV) [7, 8] . In this short communication, we have applied NGS techniques to increase our currently limited understanding of the genetic variability of this pathogen. MC affects mostly paediatric patients as well as sexually active young adults and is characterized by the development of conspicuous umbilicated papules of approximately 3-5 mm in diameter. It has been proposed that MCV infection is initiated in cells of the basal layer of the epidermis, progressing outwards as the virus replicates, developing epidermic hyperplasia and papillomatosis, and inducing the characteristic intracytoplasmic bodies that compress the keratinocyte nucleus [9] . Individual lesions may self-resolve within 2 months as a consequence of the development of a localized immune response. Due to this mostly benign presentation, MC is considered to be generally underreported. However, a recent survey carried out in Germany showed a peak value of 25 % seroprevalence in the age group of 2-5 years [10] . In immunocompromised patients, such as those suffering from HIV/AIDS, and in patients with atopic dermatitis, MC is typically more severe and hard to treat [11, 12] .
MCV is the sole member of the Molluscipoxvirus genus within the Poxviridae, a family of large and complex dsDNA enveloped viruses. After eradication of human smallpox, caused by the orthopoxvirus variola virus (VARV), MCV is the only known human-specific pathogen within the family. Besides its host (human) and tissue (skin) tropism, one of the hallmarks of MCV infection is the lack of local immune responses during its early stages, which is thought to be mediated by the expression of a specific set of viral proteins with immunomodulatory activities (reviewed by [13] ). These include, among others, the secreted chemokine antagonist MC148 [14, 15] , the IL-18 binding and inhibitory protein MC54 [16] , and the viral FLIPs [Fas-linked ICE-like protease (FLICE; caspase-8)-like inhibitor proteins] MC159 and MC160 that can modulate apoptosis, NFkB activation and IFN-b expression through different mechanisms [17] [18] [19] [20] [21] [22] . While some of these proteins have received interest, MCV is still a relatively understudied virus due to the lack of animal infection models and the difficulties of growing the virus efficiently in established cell culture systems [23] . Recent transcriptomic studies suggest that the abortive MCV infection in cell culture is due to a blockade of postreplicative gene expression [24] .
MCV has been classified into two major genotypes, termed subtypes 1 and 2, each of which may include several variants [25] [26] [27] . Their relative abundance is known to vary geographically, although subtype 1 is the most prevalent one globally. Clinically, infection with both subtypes is indistinguishable, but MCV subtype 2 infections have been described to be more frequent among adults and HIVinfected patients [28] [29] [30] . Currently, a single full-length genomic sequence corresponding to MCV subtype 1 has been reported [31] . The completely assembled genome is 190 289 bp long and has an overall GC content of 63 %. It is predicted to encode up to 182 ORFs [32] , of which 105 correspond to genes shared with viruses of the more extensively studied orthopoxvirus genus, with which both gene order and orientation are largely conserved. The rest of the genetic information on MCV deposited in the databases corresponds to 20 contigs of a second partially sequenced MCV subtype 1 collected in Spain and accounting for 55 087 bp [33] as well as short sequences from PCR-based genotyping epidemiological studies [34] .
In order to obtain the full-length genomic sequence of currently circulating MCV isolates, we collected MC samples from four otherwise healthy paediatric patients. A single lesion from each patient was fixed and processed for electron microscopic observation as described previously [35] , confirming the presence of characteristic large brick-shaped viral particles corresponding to MCV in all cases (Fig. 1a) . Virus enrichment from pooled MC lesions of individual patients was undertaken as follows: samples were disrupted in 10 mM Tris buffer pH 8 with a tissue glass Dounce homogenizer and vigorous vortexing. Then, cells were removed by two consecutive centrifugation steps at 3 000 g for 5 min and 0.45 µm filtration through Millex syringe PVDF filters (Millipore). The non-encapsidated contaminating DNA was digested with nucleases prior to DNA purification, random amplification and sequencing (MiSeq sequencer; Illumina) as described previously [35] . The output consisted of 3.9 million 2Â300 bp paired-end reads that were filtered (Phred score >20 and minimum length of 100 bp) with lite PRINSEQ 0.19.3 (http://prinseq.sourceforge.net/) to obtain 9 17 897-9 94 952 R1 and 6 55 324-7 63 962 R2 high-quality reads per sample with average lengths of 287-288 and 259-263 bp, respectively. An initial BLASTX search based on randomly selected 50 000 sequences showed that between 89.7-92.7 % of the reads correspond to MCV while no other eukaryotic virus was detected. Single contigs that represent complete genomes including inverted terminal repeat (ITR) regions were de novo assembled from each sample by using SPADES (version 3.9.0) (http://bioinf. spbau.ru/en/spades) under default parameters. The exact word repetition numbers in four regions were determined by PCR and gel electrophoresis. The genomes range in length from 1 88 253-1 92 183 and have an average GC content of 63.6 %.
Dot plot analyses showed that all four isolates were colinear to each other as well as with the previously sequenced virus MCV-1 (NC_001731.1), with no major rearrangements apparent (not shown). In poxviruses, a central conserved region of about 65 000 bp is frequently used to establish evolutionary relationships among different species. We therefore aligned (MEGA software) the genomes of the newly sequenced MCV isolates with that of the MCV-1 reference genome and trimmed them to positions 66 500-1 48 000 of MCV-1 that corresponds to the mentioned central conserved region. The calculated nucleotide identity percentages were higher than 99 % for three of the new isolates (MCV_1_Madrid_3, MCV_1_Madrid_6 and MCV_1_Ma-drid_7) as compared to MCV-1, while values of about 95 % were obtained when MCV_2_Madrid_1 was compared to any of the other genomes. Consistently, phylogenetic analysis (Fig. 1b) based on the aligned sequences of a larger genome fragment of about 170 000 bp shows that MCV_2_Madrid_1 clustered separately from all other viruses. We next retrieved the sequences corresponding to gene MC021L of the new isolates, which encodes a major structural component of the virus and is frequently used for MCV genotyping purposes [34, 36] . Phylogenetic analysis using all NCBI-retrievable MC021L sequences longer than 500 bp and clustered at 99 % of nucleotide identity with CD-HIT (http://weizhongli-lab.org/cd-hit/) (Fig. 1c) , showed that the separate isolate MCV_2_Madrid_1 corresponds to a subtype 2 MCV, constituting the first available complete genome for this subtype. While the newly determined genome of MCV subtype 2 shows a relatively low identity with subtype 1 viruses, which is close to the demarcation criteria for different species within poxvirus genera, there is currently no evidence for biological differences that may warrant separate classification as such.
A BLAST-based calculation of nucleotide identity using PASC (www.ncbi.nlm.nih.gov/genome/viruses/) showed that all type 1 samples corresponded to distinct viruses, ranging from 99.44 % (MCV_1_Madrid_3 versus MCV_1_Ma-drid_7) to 98.14 % (MCV_1_Madrid_6 versus MCV_1) of identity. The newly sequenced subtype 2 MCV (MCV_2_Madrid_1) was the most distant virus, showing identity percentage values below 91.17 % in all cases. This shows the existence of an important difference among major MCV genotypes 1 and 2 and suggests a relatively distant evolutionary split among both. When the same software was used to compare the genome of the VARV major Bangladesh 1975 strain (L22579) with the VARV minor García 1966 strain (Y16780), which produced clinically milder infections in human beings [37] , an identity value of 98.74 % was obtained. Similarly, comparison of VARV major with its proposed evolutionarily closest orthopoxvirus, which was derived from and is highly species-specific for a non-human host, the taterapox virus [38] (NC_008291), produced a 90.25 % value.
Interestingly, our data reveal that the three subtype 1 isolates obtained from the same period and location are not more closely related to each other than to the previously sequenced isolate. Moreover, alignment of the approximately 55 000 bp available from an older Spanish isolate from the same city [33] showed similar identity values (above 99 %) to all other type 1 isolates (not shown), supporting the vision that relatively variable genotypes are concurrently circulating in the same period and geographic area.
Assignment of putative ORFs of the newly sequenced MCV genomes was performed using the annotation transfer software GATU [39] and the published MCV-1 genome as a reference. Because this only included the initially annotated 163 ORFs [31] , we then sought for orthologues of additional ORFs identified in a subsequent analysis [32] using ARTEMIS [40] and BLASTP software. Using the latter interpretation, 184 total potential ORFs were considered, of which 152 are most likely to correspond to bona fide expressed genes [32] . Recent transcriptomic analysis of MC lesions has identified transcripts for most of the annotated MCV ORFs [24] . Nevertheless, as shown for the related poxvirus vaccinia virus [41] , [51] to positions 26 893 and 27 717 of the same reference genome. The evolutionary relationships were inferred through the maximum-likelihood method with 1000 bootstrap replicates using the phangorn package in R under the best-fit GRT substitution model chosen with MODELTEST. The trees were drawn with DENDROSCOPE [52] . Grey and black circles represent branch nodes with >75 % and >90 % bootstrap values, respectively. The scale bar indicates the number of nucleotide substitutions per position.
additionally expressed genes might be identified by ribosome profiling techniques and therefore definitive annotations of the published MCV genomes including those reported here might need to be re-examined in the future. While we have analysed all putative non-overlapping new ORFs encoding proteins of more than 30 amino acids in all MCV isolates, we found no significant BLASTP similarities for any of these, and therefore no new genes were annotated. We readily identified orthologues for the 152 most likely MCV genes in all isolates, except for MC144, a protein of unknown function, which seems to be absent from MCV subtype 2 due to a frameshift mutation resulting in an early stop codon. Further, MCV subtype 2 showed nucleotide variations that produced deletion, insertion or frameshift mutations affecting up to 18 annotated ORFs. Although the functional relevance of these differences is not apparent from the available data, they point to gene products that might be involved in subtypespecific properties.
A side-by-side comparison of all MCV genomes using m-VISTA (http://genome.lbl.gov/vista/index.shtml) (Fig. 2a) shows that most of the variability at the nucleotide level among isolates occurs at the ITR regions, as reported before [32] . When subtype 2 is compared to subtype 1 viruses, two distinct regions encompassing ORFs MC035R and ORFs MC130L to MC133L showed nucleotide difference percentages above the generally homogeneous background observed throughout the rest of the coding regions of the genome. These differences were found by BLASTP analyses of the encoded proteins to result in comparatively low amino acid identity values ranging from 67-80 %, suggesting a possible type-specific functional adaptation. Proteins MC130, MC131 and MC133 form a multigene family of A-type inclusion (ATI) proteins [32] , involved in some orthopoxviruses in the formation of a protective matrix into which mature infectious virus can be directed [42] . MC132 encodes a newly described inhibitor of NFkB activation with no known orthologues in other poxviruses [43] . Indeed, inhibition of NFkB by other poxviral proteins is known to act as determining factor for virulence by locally reducing proinflammatory responses in vivo [44, 45] . Finally, MC035 encodes the orthologue of the B22 protein family members found in several poxviruses. These large plasma membrane proteins can suppress virus-specific human T-cell activation and act as virulence factors in vivo in a primate model of monkeypox virus infection [46] .
Interestingly, we noted that MC035, the largest gene in the MCV genome, seems to be subject to recombination events. Thus, MCV_1_Madrid_6 carries a form of this gene that is essentially identical to that found in the subtype 2 MCV but different from that found in the other type 1 virus isolates examined. This recombination event was visualized by using RAT [47] , which plots the nucleotide identity values of MCV_1_Madrid_6 compared to subtypes 1 and 2, which cross each other at the expected recombination sites (Fig. 2b) . Another potential example of recombination affecting subtype 1 viruses corresponds to a region that contains ORF MC054R, which encodes the secreted IL-18 binding protein.
A sequence of about 2 000 bp including this gene is almost identical between MCV subtype 1 isolates Madrid_6 and Madrid_7, but greatly differs not only from the corresponding sequence shared by all other subtype 1 viruses, but also from that of subtype 2. This suggests a recombination event with another as yet unidentified MCV subtype. Variability at the MC054R locus among MCV isolates has been shown before [48] . While its functional relevance is unknown, secreted IL-18 binding proteins from other poxviruses can act as virulence factors in murine infection models by inhibiting NK and T-cell responses [49, 50] . Overall, the comparison of full-length genomes from circulating MCVs points primarily to a set of viral genes that may potentially be involved in disease development. This may help disclose their role in previously unrecognized differences in clinical manifestations such as the duration of lesions and the development of localized immune responses, among others. Moreover, it will be of importance to determine how recombination events among isolates occur and the extent to which they determine the epidemiology and development of disease.
In summary, we report the complete genome sequence of four new MCV isolates, including the first corresponding to a subtype 2 virus. The genetic distance among MCV subtypes 1 and 2 suggests a relatively old split and separate evolutionary histories between these two members of the same species. This study also confirms that genetically distinct isolates of subtype 1 co-circulate during the same period and geographic location and, importantly, show the occurrence of both intra-and inter-genotype recombination events. These events, as well as the observed sites of variability, allow us to identify a set of viral genes that may be involved in the determination of relevant clinical features of MC. We expect that the use of new sequencing technologies will provide further complete MCV genomes that will improve our knowledge of the natural history of MCV isolates and their interaction with its human host. 
